Although rock strength anisotropy is a well-known phenomenon in rock mechanics, its impact on geotechnical design is often ignored or underestimated. This paper explores the concept of anisotropy in a high stress environment using an improved unified constitutive model (IUCM), which can account for more complex failure mechanisms. The IUCM is used to better understand the typical responses of anisotropic rocks to underground mining. This study applies the IUCM to a proposed rock shaft located in high stress/anisotropic conditions. Results suggest that the effect of rock strength anisotropy must be taken into consideration when assessing the rock mass response to mining in high stress and anisotropic rock conditions.
INTRODUCTION
The significance of rock strength anisotropy (anisotropy) in geotechnical design is often ignored or underestimated when undertaking geotechnical analyses. This is partly due to most geotechnical design methods (whether empirical, numerical or analytical) being largely developed for isotropic rather than anisotropic rock mass conditions. Therefore, there is a tendency to ignore its impact, and to simplify the design process or apply conventional design methods. However, anisotropy can play a key role in the stability of underground excavations and subsequent geotechnical design. Experience suggests that, in many cases, anisotropy can have a far greater influence on failure mechanism than other factors such as the orientation of principal stress vectors. Furthermore, anisotropy can significantly change the time dependent failure mechanism and progression of damage into the rock mass.
Recent literature, such as that of Sandy et al. [20] , Vakili, et al. [25] , Hadjigeorgiou et al. [8] , and Vakili et al. [24] outlines the typical response of anisotropic rock masses to increasing stress levels and shows examples of geotechnical design in these conditions. This paper applies the recently developed IUCM and illustrates how this methodology can more reliably explain the rock mass response to mining under high stress and anisotropic conditions than do commonly used geotechnical design methods.
CASE STUDY AND APPROACH
The case study for this paper focuses on KGHM International, Ltd.'s Victoria Project, located approximately 50 km west of Sudbury, in the Sudbury Basin, Ontario, Canada. Access to the base metals J.M. WATSON et al. 116 (Cu-Ni-TPM) orebody will be via a vertical shaft located in the hangingwall lithological units.
For this study, a section of metacrystal gabbro (MXGB) located between 970 m and 1000 m below surface was modelled using 3D numerical software and the IUCM. Shaft sinking parameters (including sequence) and installation of a cementitious liner was explicitly modelled.
INPUT DATA
The input data used in this case study are based on logging and rock property testing information provided by the Victoria Project (see Tables 1 and 2 ) and associated with the proposed production shaft pilot bore hole (FNX1204). The geological strength index (GSI) was calculated using equations suggested by Hoek et al. [10] and Jr, Ja and RQD data from drillhole logs (see equation (1)).
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FAR FIELD STRESS
While in-situ mini-frac stress estimates of far-field stress conditions were completed for the Victoria Project, the reliability of the results was unclear. Therefore, the far-field stress boundary conditions for this study are based on published data by Trifu and Suorineni [21] (see Table 3 ). btained from structural interpretations GSI 70 GSI was calculated using equations suggested by Hoek et al. [10] and Jr, Ja and RQD data from drillhole logs 
THE IMPROVED UNIFIED CONSTITUTIVE MODEL (IUCM)
The IUCM was developed by Vakili et al. [23] as a result of previous work on rock damage processes and review of previous literature. After being tested on a number of well-documented case histories, it was shown that this unified model could forecast the extent and severity of damage more accurately than other conventional methods. The key concepts and components of the IUCM are presented in Fig. 1 and Table 4 , respectively.
This constitutive model is implemented in the explicit finite difference code FLAC3D (ITASCA Consulting Group [13] ) and therefore uses a timestepping solution for calculations. As a result, progressive and time-dependent failure can be replicated in this model through updating the material properties as a function of new confinement and strain levels. The key input parameters used in the IUCM for anisotropic rock are:
• Elastic modulus of intact rock, • UCS of intact rock (σc max ), • anisotropy factor (σc max /σc min ),
All of the above parameters can be determined from laboratory testing and core logging or structural mapping.
INTERPRETATION OF RESULTS
In order to interpret results, a volumetric strain criterion was used to investigate the potential depth of failure. Volumetric strain is the unit change in volume due to a deformation (ΔV/V 0 ) and is calculated by the sum of the major, minor, and intermediate principal strain components (ε1 + ε2 + ε3). A negative volumetric strain implies a contraction of the rock mass and a positive value indicates dilation. Contraction occurs at high confinement levels, while dilation happens in lower confinement zones such as near the boundary of an excavation. The failure mechanism leading to breakout is most often controlled by a dilatational volumetric strain induced near the boundary of the excavation. Figure 2 is a representation of various volumetric strains with respect to degree of disintegration as simulated in a fully discontinuum model through modeling of uniaxial loading of a rock sample. Experience in numerical back analysis at several mining operations showed that a model volumetric strain of between 1% to 3% often generates similar or close to overbreak/breakout volumes to those obtained from actual underground excavations. Examples of some of these back analysis studies completed on various underground excavations are shown in Fig. 3 . At low confinement levels, the linear nature of the residual envelope replicates cohesion and friction softening. At high confinement levels, it replicates cohesion softening and friction hardening. This feature of the model allows progressive failure to occur near the boundary of the excavation. At the same time, it limits the propagation of yield or plasticity zones away from the excavation boundaries (as observed in the field).
Critical strain Based on equations suggested by Lorig and Varona [16] .
Critical strain values are determined based on model zone size and the GSI values. This critical strain can also be adjusted when synthetic rock mass (SRM) testing results are available.
Dilation angle
Determined through a ratio (dilation angle/ friction angle) that is estimated as a function of the GSI of the rock mass and multiplied by instantaneous friction angles in the model.
The non-linear nature of the peak failure envelope and the associated instantaneous friction angles in this model result in higher dilation angles at lower confinement, and lower dilation angles at higher confinement. This behaviour is similar to that observed in laboratory rock testing results. The dilation angle is also mobilised and softens with increasing plastic shear strain in the model and drops to its residual value (30 per cent of the instantaneous friction angle) when the critical strain limit is exceeded. The basis for the dilation angle calculations is largely derived from Zhao and Cai [26] and Lorig and Varona [16] .
Modulus Softening
Empirical relationship developed by ReyesMontes et al. [19] between modulus drop and the level of porosity in a rock mass.
IUCM uses this relationship to update the elastic modulus values according to new porosity levels. The porosity is calculated using the model volumetric strain outputs. The density in the model is also updated as a result of new porosity levels.
Strength anisotropy
For anisotropic rocks, the model uses two non-linear Hoek-Brown failure envelopes. One envelope defines the maximum strength and is related to the rock matrix strength. The other defines the minimum strength associated with the anisotropy plane.
Explicitly included through a ubiquitous joint model, which accounts for both rock matrix strength and the lower strength associated with the existence of an anisotropy plane.
STABILITY ASSESSMENT OF SHAFT LINER
For stability assessment of the cementitious liner, liner displacement, and moment-thrust capacity diagrams (and associated Factor of Safety) were used.
Definition and analysis procedures of momentthrust capacity diagrams were presented by CarranzaTorres and Diederichs [5] . Hoek et al. [11] also applied the technique for tunnel design. This approach provides an indicative measure of liner stability.
The graphical representation of induced axial thrust and bending moment on a liner plotted together with the corresponding "envelope of failure" (defined, for example, by the maximum values of axial thrust and bending moment that the support is allowed to withstand) is referred to as the thrust-bending moment interaction diagram. Similar plots can be established to investigate the Thrust-Shear diagrams and the potential for shear failure. However due to time constraints the Thrust-Shear diagrams were not included in this study.
These diagrams are useful tools for the design of cementitious liners, since they allow easy quantification of the performance of a support. For the particular values of compressive and tensile strength of liner the thrust-moment interaction diagram can be used to obtain the factor of safety (FS) for failure of the arch in tension or compression -for example if points corresponding to the loading state in the arch are bounded by the isoline FS = 1.0, it means that the support is able to withstand the thrust and bending moment induced by excavation of the tunnel, without exceeding the elastic limit of the material.
MODEL CALIBRATION
The model was calibrated using borehole breakout information which was observed in the acoustic televiewer data from the proposed production shaft pilot hole (FNX1204). The identified breakout (Fig. 5) was recorded in the same lithology as that being modelled for the shaft (MXGB). Given the localised nature of the breakout (only occurring at a short interval), no adjustments were applied to the adopted rock properties. Instead, a number of sensitivity models were completed to investigate the possible failure mechanism that was in place when the breakout was formed (Fig. 6 ). Other sections of the pilot hole showed no signs of breakout. Therefore, it is not possible to rule out the derived . Sensitivity models were completed during calibration investigating the possible failure mechanism that was in place when the breakout was formed. It was found that the model was most sensitive to modification of GSI and UCS values and anisotropy (i.e., orientation and intensity of the foliation plane) expected properties. As can be seen in Figure 6 , while the model is influenced by changes to GSI and UCS values, the greatest effect is associated with anisotropy (i.e., orientation and intensity of the foliation plane).
FORWARD-ANALYSIS
The forward analysis explicitly included sinking of the shaft (i.e., mining steps) and installation of a cementitious liner. The associated assumptions are outlined in Figs. 7 and 8, respectively. (1) Vertical shaft sinking depth increment. (2) Minimum distance between shaft bottom and installation of shaft liner. (3) Unconfined compressive strength. (4) Unconfined tensile strength.
RESULTS
The 3D numerical modeling results for depth of failure are presented in Fig. 9 . The expected depth of failure of the shaft wall is suggested to be less than 0.5 m (based on 3% volumetric strain) in the MXGB lithology, at depths of around 1000 m below surface. The maximum depth of failure under the same conditions is anticipated to be ~1 m (based on 0.5% volumetric strain).
Based on the shaft liner stability assessment approach outlined by Carranza-Torres and Diederichs [5] , the cementitious liner is assessed to be stable at a depth of approximately 1000 m below surface, with a FS of between 1.5 to 2, when the lag distance is greater than 9 m (see Fig. 10 ).
CONCLUSIONS
This case study has enabled application of the IUCM approach to assess the stability of a proposed rock shaft. The results suggest that while the influence of GSI and UCS values are significant, anisotropy has the greatest control on rock mass response to mining (i.e., depth of failure) under high stress conditions. This is significant, given that anisotropy is often ignored in common geotechnical design methods, including calibration of and forecasting with numerical models.
